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Abstract

Rn interactive computer code, written for

a microcomputer, is presented which

displays 2-D and 3-D oblique plots of the

temperature distribution downs(ream of jets

sixi.g with a confined crossflow, for

either si,gle-side or opposed jet

injection. Temperature profiles calculated

with this routine are presented to show the

effects of flow add geometric variables ow

the mixing. Examples are also shown to

illustrate the different perspectives oD

the mixing available by exercising various

view options. Iw addition, the program is

used to calculate profiles for opposed rows

of jets with their centerlines in-line, by

assuming that the cowfining effect of aw

opposite wall is equivalent to that of a

plane of symmetry between opposed jets.
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Introductiqn

The problem of jets-in-crossflow has been

rather extensively treated in the

literature, to the point that it can almost

be considered to be a "classical _

three-dimensional flow problem. Although

these studies have all contributed

additional understanding of the general

problem, the information obtained in any

given study is determined by the motivating

application_ and may not satisfy the

specific needs of diverseapplications.

Considerations of dilution zone mixing in

gas turbine combustion chambers, have

motivated several investigations of the

mixing characteristics of a row of jets

injected normally into a flow of a

different temperature in a constant area

duct (e.g. references 1 to 3). In the

combustor dilution zone, for which these

experiments Were a generic model_ rapid

mixing of the diluent air with the primary

airstream is desired to provide a suitable

temperature distribution at the turbine

inlet, quench any continuing chemical

reactions_ and reduce combustor length.

From the data of references 1 and 2, an

empirical model was developed (refs. 4 & 5)

for predicting the temperature field

downstream of a row of jets mixing with a

confined crossflow. This paper presents an

interactive computer code, based on this

model_ for evaluation of dilution zone

design alternatives. The purpose of this

program is to provide an engineering tool

to reduce combustor development time and

cost by allowing the designer to

investigate the effects of varying flow

and/or geometric parameters on combustor

exit temperature profiles.

Flow Field Model

Figure 1 is a schematic of the flow field.

The jets are shown here entering the main

flow through orifices in the top duct wall,

but this is arbitrary. The primary

independent geometric variables are orifice

size, and the spacing between adjacent

orifices. These are conveniently expressed

in dimensionless form as the ratio of the

duct height to orifice diameter, H/D_ and

the ratio o{ the orifice spacing to orifice

diameter, S/D.

Because the designers" objective is to

identify orifice configurations to optimize



the mixing within a given combustorlength,
or to adjust an unacceptablee_It plane
temperaturedistribution, the downstream
stations of interest are defined in

intervals of the duct height, H, rather

than the orifice diameter, D.

The independent flow variables are the

momentum ratio5 3, the density ratio, DR,

and the orifice discharge coefficient, CD.

These, and the dependent flow and geometric

variables are identified in figure 2.

The results for the temperature field are

given in three-dimensional oblique views,

as shown in figure 3. Here the local

temperature is given by the dimensionless

temperature difference ratio,

THETA = (Tm - T)

(Tm -- Tj)

on the abscissa. Note that this parameter

is bounded between 0 and 1, with the former

representing unmixed mainstream fluid, and

the latter unmixed jet fluid.

The ordinate and oblique coordinates are

the Y and Z directions, which are

respectively normal to and along the

orifice row, in a constant-X plane. The

Z-distance shown in the oblique plots is

twice the orifice spacing for each

configuration. The orifices are shown

scaled in proportion to the spacing.

Proqram Options

The present version of this code provides a

three-dimensional pictorial representation

of the temperature field, as given by the

empirical correlations in references 4 and

5. The program, written in BASIC primarily

for use on a microcomputer, is menu-driven,

and includes an introduction, a flow

schematic, a nomenclature listing, a

discussion of program options, example

plots, and a choice of output options.

Temperature distributions may be calculated

at any user-specified downstream location

(X), for either single-side or opposed jet

injection. Profiles may be be sho_n as

"cold" THETA distributions, as in figure 3,

where the numerator is the difference

between the local and the undisturbed

mainstream temperature, or as "hot" THETA

distributions with the numerator giving the

local difference from the jet temperature*

Thuss THETA=I represents unmixed jet fluid

in the "cold" THETA distribution, and

unmixed mainstream fluid in the "hot" THETA

distribution. Individual profiles from the

oblique view may also be plotted, eithar

separately or overlayed.

Different perspectives on the mixing can be

obtained by specifying jet injection from

the top, bottom, left, or right duct wall,

or with the plane between jets, the

midplane, rather than the plane through the

orifice center, the centerplane, at the

edge in the oblique view.

For all options, the flow and geometric

variables that must be specified are the

discharge coefficient, density ratio,

momentum ratio, orifice spacing-to-diameter

ratio, and duct height--to-orifice diameter

ratio. Although calculations can be

performed for most flow and geometric

conditions of interest, they will be most

reliable for conditions within the range of

the experiments on which the correlations

are based, i.e.

density ratio, DR 1.6 to 2.6

momentum ratio, J & to bO

spacing to diameter ratio, S/D 2 to 6

duct height to diameter ratio, H/D 4 to l&

Not all combinations were tested. The

experimental results, the empirical model,

and comparisons of the model results with

the data are presented in references 1, 2=

4, and 5.

The Effects of Flow Conditions and

Geometry on the Temperatur_ Profiles

Figures 4 to 10 show example variations in

THETA profiles as functions of the

independent flow and geometric variables.

Downstream Distance_ Figure 4 shows

the variation in temperature distributions

with downstream distance. The locations

shown are X/H =.25, .5, 1, and 2 from left

to right across each row. In this figure
the momentum ratio and the total orifice

area, and hence the jet to mainstream flow

ratios are constant. Thus5 the range of

temperature distributions from

under-penetration in part a) to

over-penetration in part b), results

entirely from variation in orifice size and

spacing at a fixed operating condition.

Momentum Ratiq. Figure 5 shows a

typical increase in jet penetration with

increasing momentum ratios at a downstream

distance equal to one-half duct height.

Since the orifice area is constant in this

figure, the jet-to-mainstream flow ratio

increases with momentum ratio from left to

right across the row.

Density RatiP. The analyses of the

experimental data in reference 1 suggested

that the effect of varying the density

ratio was of second orders for flows with a

constant momentum ratio. This can be seen

in figure 6, where the density ratio varies

from .5 to 2 at a momentum ratio of 2&.4,

for the same orifice geometry and

downstream distance as in figure 5.

Spacinq. Figure 7 shows the effect

of decreasing the lateral spacing between

orifices on the temperature distributions

at a downstream distance equal to one-half

of the duct height. The lateral uniformity
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of the profiles increases, andthe
penetration decreases slightly as a result

of the confinement. Note that the

jet-to-mainstream flow ratio increases as

the spacing decreases, since the orifice
size is constant (H/D=8 in all cases). The

hole size appears to increase because D is

scaled on S, rather than H.

O_fiqe Size at Constant SIp. Figure

8 shows the increased jet penetration, and

increased lateral temperature profile

gradients that result from increasing the

orifice size with the orifice-spacing-to-

diameter ratio (S/B) held constant. Note

that since these profiles are at a constant

downstream distance (X/H), the

dimensionless downstream distance expressed

in terms of the orifice size (X/D) varies

in inverse proportion to the orifice

diameter.

Orifice _ize at Constant Spacinq. In

contrast to the profile variations seen in

figure 8, the profiles in figure 9, where

the orifice spacing (S/H) is held constant

as the diameter increases, remain similar.

The profiles in the top and bottom rows are

at downstream distances equal to one-half

and two duct heights respectively. The

orifice diameter is doubled going from left

to right, resulting in a four-fold increase

in the ratio of the jet-to-mainstream flow.

The result is that the temperature

distributions are shifted to higher THETA

values, consistent with the larger dilution

air flow, but the shape of the

distributions remains similar.

Spac_nq and Momentum coupl@d.

Analysis of the experimental data in

references 2 and 5 suggested a coupling

between the momentum ratio and the spacing,

and led to the conclusion that for a given

momentum ratio there exists a value of S/H

for which the most efficient mining occurs,

independent of ori÷ice size This can be

stated as:

S/H)o_T = 2.5

The profiles shown in figure 9 represent

optimum mixing conditions for a momentum

ratio of 26. Figure I0 shows the profiles

which result at different momentum ratios,

when the orifice spacing is adjusted

according to the relation above. The

profiles in parts a) and b) are at

downstream distances equal to one-half and

two duct heights respectively. In all

cases, the jet-to-mainstream mass flow

ratio is held constant, and hence the final

equilibrium temperature is the same.

Clearly, similar distributions are obtained

over a range of momentum ratios, if J and

S/H are correctly coupled. However, it is

also evident that flows with smaller

momentum ratios (larger spacing) need

greater downstream distances to achieve

equivalent mixing.

View Options

Plane of Symmetry. Different

features may be apparent depending on which

plane of symmetry, centerplane or midplane,

is at the edge in the oblique pIot. As an

example, compare the distribution in figure

11, with the midplane at the edge for S/D =

2.83, HID = 5.66, and J = 26.4, with the

distributions in figures 3 to 10, where the

centerplane is at the edge.

THETA Def_nition_ The flow also can

appear quite different depending on the

definition used for the temperature

difference ratio. For example, the

temperature distribution for the flow

condition in figure 11 is shown in figure

12 in the "hot" THETA format, where the jet

fluid appears as depressions in the

distribution.

Injection location. Figure 13 shows

two additional views of the temperature

difference ratio profiles for S/D = 2.83,

H/D = 5.66_ and J = 26.4. These profiles

are "cold" THETA distributions with the

jets injected from the bottom and front

duct walls in parts a) and b) respectively.

Opposed Jet Injection. Finally, the

model was used to calculate profiles for

opposed rows of jets with their centerlines

in-line, by assuming, based on the

experimental results of reference 3_ that

the confining effect of an opposite wall is

similar to that of a plane of symmetry

between opposed jets. These profiles, for

a momentum ratio of 26.4, with S/D = 2.83

and H/D = 11.3, are shown in _igure lq, for

downstream distances from X/H = .25 to 2.

Note that these are for the same momentum

ratio and orifice area as the one-side

injection profiles in figure 11.

Conclusions

An interactive computer code, written in

BASIC primarily for use on a

microcomputer, is presented which displays

2-D and 3-D oblique plots of the

temperature distribution downstream of jets

mixing with a confined crossflow, for

either single-side or opposed jet

injection.

Temperature profiles calculated with this

program are presented to show the effects

of flow and geometric variables on the

mixing. These confirm the conclusions

reached previously (refs. 2 & 5) from

examination of the experimental data that=

1) mining improves with downstream distance

2) momentum ratio is the most significant

flow variable

3) the effect of density ratio is small at

constant momentum ratio
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4) decreasing spacing at constant orifice

diameter reduces penetration and

increases lateral uniformity

5) increasing orifice diameter at a

constant ratio of spacing to diameter

improves penetration but increases

lateral non-uniformity

6) increasing orifice diameter at constant

spacing increases the magnitude of the

temperature difference, but jet

penetration and profile shape remain
similar

7) similar distributions may be obtained

over a range of momentum ratios,

independent of orifice diameter, if

spacing and momentum are correctly

coupled

8) smaller momentum ratios (larger spacing)

require a greater distance for

equivalent mixing

Examples are presented showing the

different perspectives on the mixing

obtained with jet injection from the top,

bottom, front, and rear duct walls; with

the centerplane rather than the midplane at

the edge in the 3-D plot; and with a "hot',

(T-Tj)/(Tm-Tj), rather than a _cold',

(Tm-T)/(Tm-Tj), THETA definition. In

addition, the model is used to calculate

proTiles for opposed rows of jets with

their centerlines in-line, by assuming that

the confining effect of an opposite mall is

similar te that of a plane of symmetry

between opposed jets.
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Figure 1. Flew Schematic

Independent I/ariables

DR = Tm/Tj
J OR (Uj/Um)2
CO discharge coefficient
S/D
H/D

X/H

Dependent Variables

tempera ture
fIR=m j/m|,_
TB = nlj/ (m|14-mj_
PF = fir( I - THETRI_In/TB)
S/H
X/D

Figure 2. Independent and Dependent
Variables

¢L.L'_
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H

l I I
@ ,5 I
;HETR=(Tm-T)/qm-TJ)

S/D=2.83 H/b=5.(;(;J=26.4 DR=2.2 CO=.64

X/H=.5 HR=.24 TB=.i9 PF=.19

Figure 3. Typical 3-D Oblique Temperature

Difference Ratio (THETA) Plot
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